Density relaxation and particle motion characteristics in a non-ionic deep eutectic solvent (acetamide + urea): Time-resolved fluorescence measurements and all-atom molecular dynamics simulations J. Chem. Phys. 142, 034505 (2015) The influence of the cation's central atom in the behavior of pairs of ammonium-and phosphoniumbased ionic liquids was investigated through the measurement of densities, viscosities, melting temperatures, activity coefficients at infinite dilution, refractive indices, and toxicity against Vibrio fischeri. All the properties investigated are affected by the cation's central atom nature, with ammonium-based ionic liquids presenting higher densities, viscosities, melting temperatures, and enthalpies. Activity coefficients at infinite dilution show the ammonium-based ionic liquids to present slightly higher infinite dilution activity coefficients for non-polar solvents, becoming slightly lower for polar solvents, suggesting that the ammonium-based ionic liquids present somewhat higher polarities. In good agreement these compounds present lower toxicities than the phosphonium congeners.
INTRODUCTION
Ionic liquids (ILs) are composed of ions, and as a result, there are a large number of potential compounds to be synthesized by simple structural rearrangements. ILs may be either inert, acting only as solvents, or can be designed to actively participate in a large range of chemical reactions. These ionic compounds have often been considered as "green solvents"
1 because of their negligible vapor pressures and, in many cases, low flammability, when compared with common organic solvents. Moreover, the ionic nature of ILs is the main characteristic responsible for some of their most outstanding properties, namely a high ionic conductivity, high thermal and chemical stability, and enhanced solvation ability for a large array of compounds. 2, 3 At the same time, the combination of different ions, sustained by a wide chemical diversity, allows the tailoring of their properties, making them quasi specific fluids for a particular application, thus "designer solvents." Nonetheless and despite the large number of works outing ionic liquids as "designer solvents," the number of studies a) Author to whom correspondence should be addressed. Electronic mail:
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dealing with their structural design, besides the simple combination of cations and anions, is, at this point, surprisingly scarce. This work is part of a series of systematic studies aimed at developing the knowledge inherent to the ILs' structure/behavior duality and ultimately create general rules for the ILs design. Specific heuristics have been previously proposed covering the ILs' structural characteristics, namely the alkyl chain length and isomerism and the presence/absence of the aromaticity effect in a large range of physical, chemical, and biological properties. [4] [5] [6] [7] It aims at understanding the impact in the ILs thermodynamic, thermophysical, and biological properties promoted by the simple substitution of a phosphorous by a nitrogen atom on the cation's core. In contrast to the ion substitution studies, the atom substitution, of the constituent ions, has been object of a limited number of studies. [8] [9] [10] [11] [12] [13] Shirota and Castner 11 reported that the substitution of carbon by silicon in the neopentyl group at the imidazolium cation (1-methyl-3-neopentylimidazolium ([Cmim] + ) vs 1-methyl-3-trimethylsilylmethylimidazolium ([Simim] + )) leads to a substantial reduction of viscosity. On the anionic side, the heavy atom substitution in a series of [XF 6 ]
− anions (X = P, As, or Sb) in 1-butyl-3-methylimidazolium 6 ]. 12 In addition to studies with aromatic cationbased ILs, reductions in the viscosities of ILs with heavier atoms in the same position were also reported for nonaromatic cation-based ILs. 8, 10, 13, 14 Tsunashima and co-workers 8, 9 were the first to compare the behavior of pairs of [NTf 2 ]
− anion-based ammonium and phosphonium ionic liquids investigating the differences upon viscosities, conductivities, and thermal stability. Contrary to most neutral molecular liquids, where the substitution of a constituent atom by a heavier atom leads to a viscosity increase, the authors 8 reported lower viscosities and higher conductivities for the phosphonium, when compared to those of corresponding ammonium ILs. Furthermore, in a later study 9 the authors reported higher thermal stability for benzylsubstituted phosphonium, compared to the corresponding benzyl-substituted ammonium compounds. Shirota et al. 10 suggested that the unexpected properties change, achieved by the heavy atom substitution in the ILs cation central atom, result from weaker interionic interactions, due to the ionic volume increase, and that this substitution has an impact on bulk properties (i.e., density and viscosity) but not on surface properties (i.e., surface tension). This is further confirmed by the results reported by Lee et al. 14 using NOE 2D NMR. Aiming at extending these studies to other pairs of ammonium/phosphonium ionic liquids with variable chain lengths and different anions than those previously investigated, four pairs of ammonium/phosphonium ILs, only distinguishable by the cation's central atom, were studied through the determination of the properties: (i) density, viscosity, and refractive indices for the compounds in the liquid state and melting points for the solid ILs, (ii) infinite dilution activity coefficients on a large set of solvents, (iii) ecotoxicity investigated by Microtox R assays. To try to provide an explanation for the differences in behavior observed, quantum chemical gas phase DFT calculations were performed on isolated ion pairs at the BP-TZVP level of theory for some of the IL pairs investigated.
MATERIALS AND METHODS

Materials
This work was developed using eight ILs based on the quaternary ammonium and phosphonium cations, namely, tributylhexylammonium bis(trifluoromethylsulfonyl)imide, [N 4,4,4,6 Figure 1 .
To reduce the water and volatile compounds content to negligible values, ILs individual samples were dried under moderate vacuum and temperature, for a minimum of 48 h. After this procedure, the purity of each IL was confirmed by 1 H, 13 C, and 19 F NMR and shown to be better than 98% for all the compounds investigated. The water concentration of dried ILs was determined through Karl Fisher titration and was less than 3 × 10 −4 mass fraction. The water used was ultra-pure water, double distilled, passed by a reverse osmosis system and further treated with a Milli-Q plus 185 water purification apparatus. 6 ] are not liquid within the temperature range available for the density and viscosity measurements, therefore, their density and viscosity were not collected.
Methods
Density, viscosity, and melting points
The melting points and glass transition temperatures of the ILs investigated were determined through a DSC (Diamond Differential Scanning Calorimetry) Perkin Elmer equipment, using a Universal Thermal Analyzer DSC Q200 V23.12.
The analytical procedure included a cooling ramp down to 183.15 K and a heating ramp up to 733.15 K at a rate of 0.167 K s −1 . The ILs were submitted to three cycles of cooling and heating with a constant nitrogen flow of 0.833 cm 3 s −1 , supplied to the DSC cell in order to avoid condensation of water at the lower temperatures. At least two independent runs were performed for each compound.
Refractive index
Refractive indices (n D ), at 589. 3 where α 0 is the electronic polarizability, ε 0 is the vacuum permittivity, ρ is the compound's density, M r is the molecular weight, and N A is the Avogadro number
where V m is the molar volume
Activity coefficients at infinite dilution
Inverse chromatography experiments were carried out using a Varian CP-3800 gas chromatograph equipped with a heated on-column injector and a flame ionization detector. The injector and detector temperatures were kept at 523 K during all experiments. The helium flow rate was adjusted to obtain adequate retention times. Methane was used to determine the column hold-up time. A more detailed description about the equipment and method can be found in the supplementary material. 43 The retention data garnered by inverse chromatography experiments were used to calculate partition coefficients of the numerous solutes in the different ILs. The standardized retention volume, V N , was calculated following the relationship 20, 21 
The adjusted retention time, t R , was taken as the difference between the retention time of a particular solute and that of methane, T col is the column temperature, U o is the flow rate of the carrier gas measured at room temperature (T rt ), P ow is the vapor pressure of water at T rt , and P o is the outlet pressures. The factor J in Eq. (4) corrects for the influence of the pressure drop along the column and is given through the relation 20, 21
where P i is the inlet pressure. Activity coefficients at infinite dilution for solute 1 in each IL, γ ∞ i,I L , were calculated with the following expression:
where n 2 is the number of moles of stationary phase component within the column, R is the ideal gas constant, T is the oven temperature, B 11 is the second virial coefficient of the solute in the gaseous state at temperature T, B 13 is the mutual virial coefficient between solute 1 and the carrier gas (helium, denoted by "3"), and P 
Microtox
R toxicity tests
The Microtox R test 23 was used to evaluate the inhibition of the luminescence in the bacteria Vibrio fischeri using a procedure detailed in Refs. 7 and 24. The bacterium was exposed to a range of diluted aqueous solutions (typically from 0% to 81.9%) of each IL, where 100% of IL corresponds to the known concentration of a stock solution previously prepared. 
Partial charges and charge delocalization
In quantum chemical gas phase calculations, geometries, and atom charges of the isolated ion pairs were optimized using the TZVP basis set and non-local BP exchange/correlation functional as implemented in Gaussian 03 Rev D.02. 26 After independently optimizing the constituting ions, different initial guess conformations for the two isolated ion pairs were prepared by matching the most positive areas of the cation with the most negative areas in the anion. Then, initial geometries were optimized; vibrational analysis on the obtained structures confirmed the presence of true minima on the potential energy surface. On the obtained minima, atomic charges of the six different ionic pairs were retrieved by Mulliken population analysis 27 as well as electrostatic surface potential (ESP) fits, using the CHelpG algorithm 28 to electron densities obtained at the BP/TZVP level.
RESULTS AND DISCUSSION
Density, viscosity, melting points, and refractive indices
Viscosity and density measurements were carried out in the temperature range of (283.15-373.15) K at atmospheric pressure, as depicted in Figure 2 and reported in Table I . The change of a P (Ar = 30.9738) for a N (Ar = 14.006) leads to a surprising increase in both the density and viscosity of the IL pairs. Inverting the effect of the addition of a heavier atom, the densities of the ammonium are higher than those of phosphonium, and this effect is even more noticeable on the viscosities. Although it could be expected that the introduction of a heavier atom would increase the densities and viscosities, as commonly observed, or that the large cation's alkyl chains used in this study would shield the central atom and therefore smooth or even remove its influence on the interactions, and ultimately on the properties of the IL, the viscosity and density results show that even surrounded by large alkyl chains, the cation's central atom still has an important impact on these basic thermophysical properties. The two pairs here reported present the same behavior previously observed by Tsunashima et al. 8 and Shirota et al. 10 Tsunashima et al. 8 reported a 1 H NMR chemical shift towards a high magnetic field, of the ammonium CH 2 groups adjacent to the cationic center compared to the corresponding phosphonium. The authors suggested that the shifts observed are attributed to relatively high electron density of the protons in the phosphonium cations and that this electron density increase leads to lower acidity and lower electrostatic interactions of the phosphonium ILs and therefore, to a density decrease. 8 Shirota et al., 10 supporting the work of Tsunashima and co-workers, Contrary to Tsunashima and co-workers 8 observations, the liquid ILs studied here follow the same trend, with the change of the cation central atom, a phosphorous by a nitrogen, leading to the increase on both the IL melting temperature and enthalpy.
The experimental refractive indices for the ammonium/phosphonium ILs pairs are listed in Table III at 298.15, 323.15, and 348.15 K along with the derived molar refractions, R m , and the calculated free volumes, f m , and polarizabilities, at 298.15 K. The phosphonium-based ILs refractive indices are slightly higher than those of the homologous ammoniums, but the polarizabilities and the free volumes derived molar refractions follow the opposite behavior, the latter in good agreement with the density values measured for these pairs.
Recently, Seki et al. 30 evaluated the refractive indices of 17 ILs, as function of temperature, against theoretical polarizabilities obtained through ab initio calculations. On the premise that refractive indices are an indication of the dielectric response to an electrical field, induced by electromagnetic waves, and that refractive indices can be considered as the response to electronic polarization as the first order approximation, within an instantaneous time scale, the authors proposed a correlation between the refractive index and the polarizability normalized in terms of the molecular volume. 30 Following the work of Seki et al. 30 the refractive indices of the studied ILs, at 303.15 K, were plotted against the experimental polarizability normalized in terms of the IL molecular volume. As depicted in Figure 3 the authors is able to predict the refractive index from the polarizability and vice versa, within the uncertainty of the correlation.
Activity coefficients at infinite dilution
The experimental activity coefficients at infinite dilution, γ Table IV for 323 K, 333 K, and 343 K, alongside with the solvents solubility parameters, δ solvent , gathered from literature. 31 In a previous work 32 it was shown that imidazoliumbased ionic liquids present an amphiphilic character and are able to interact differently depending on the solute polarity. In fact, this ability to interact either with non-polar, through dispersion forces, and polar solutes/solvents, through dipoles and hydrogen bonding, are the reason behind the enhanced ILs solvation ability. Although, as previously reported for imidazolium-based ILs and other complex molecules, [33] [34] [35] [36] this chameleonic behavior is not observed for the ammonium and phosphonium ILs pairs here studied.
The data presented in Table IV shows that, overall, the temperature increase leads to the γ ∞ 1,I L decrease, as commonly observed in literature. 37, 38 Moreover, the IL anion is also shown to play a key role on the IL-solvent interactions. In fact [PF 6 ]-based ILs present activity coefficients at infinite dilution two orders of magnitude higher than those of [NTf 2 ]-based ILs. The ratio between ammonium and phosphonium IL pairs, presented in Figure 4 , show that the ammonium-based ILs present somewhat higher activity coefficients at infinite dilution for non-polar solvents, decreasing until becoming slightly lower for polar solvents. Although noticeable for all the ILs pairs studied it is more noticeable for the trioctylmethylphosphonium and trioctylmethylammonium ILs, as depicted in Figure 4 . These results suggest a higher polar nature of the ammonium based ionic liquids when compared with the phosphonium based, in agreement with the results for the other thermophysical properties presented before.
Microtox R toxicity tests
The ILs ecotoxicity was investigated using the Microtox R bioassay, a well-known bioluminescence inhibition test assessing on the bacterium Vibrio fischeri.
The impact of all the ILs investigated in this work was studied considering various structural features, the length of the alkyl chain substituted in the cation core and the influence of the substitution of the central atom in the cation. Table V shows the EC 50 results for all ILs at the exposure times of 5, 15, and 30 min. Three exposure times were adopted to assure the total toxic impact of each IL in the organism. Again, the presence of a phosphorous or a nitrogen as the cation's central atom has a significant impact on the IL toxicity. For the same IL pair, the EC 50 values indicate that the bacterium is more tolerant to the presence of the ammonium than to the phosphonium ILs. The results show that the phosphonium family is more toxic, being this effect independent of the exposure time, anion and alkyl chain lengths (EC 50 -ammonium > EC 50 -phosphonium). Moreover, the results of Table V also show that the [NTf 2 ] anion is the most toxic, which is in close agreement with the literature results. 7, 39 Despite the scarce number of studies reporting toxicity data for these non-aromatic and acyclic families, the same tendency here described was also identified in literature. 40 Maginn and co-workers 40 reported the ecotoxicity of tetrabutylammonium bromide, [N 4,4,4,4 41, 42 that the toxicities of ionic liquids are related with their hydrophobicities. The lower toxicity of the ammonium compounds supports that they present a lower hydrophobic nature (higher polarities) than their corresponding phosphonium counterparts, which is in agreement with the infinite dilution activity coefficients reported.
Partial charges and charge delocalization
To attempt to explain the results o described above, geometries and atom charges of the isolated ion pairs were calculated using the TZVP basis set and non-local BP exchange/correlation function. The 6 ]: −0.042) due to a noticeable charge delocalization occurring in the alkyl ammonium cations, when compared with the respective phosphonium congeners. The CHelpG charge partitioning across the cationic carbon backbone is not uniform with symmetry; averaging electrostatic charges over all significant ion pair conformers calculated by the DFT/CHelpG method should yield a more accurate picture, but this approach was beyond the scope of this work.
Furthermore, partial atomic charges were retrieved from Natural Population Analysis (NPA). The most important results are summarized in Figure 5 ; further information is given in the supplementary material; 43 the results do support the CHelpG results with respect to the center atoms. The NPA partial charges assigned for the carbon and hydrogen atoms of the methylene groups adjacent to the center atom are distinctively different of the ones encountered in alkanes (e.g., inside an octane carbon chain, calculated at the same level of theory): the hydrogen atoms are more positive in all cases, while the carbon atoms are less negatively charged in the N ILs and more negatively charged in the P ILs and +1.491 (P). The adjacent methylene groups also are differently charged: +0.240 (N) and −0.180 (P). The methylene groups connected to N are in all cases more positively charged than in the case of P. Counting together the center charge and the charges of the adjacent methylene groups, one reaches to a slightly different net charge of the cationic center surrounded by four methylene groups: +0.800 (N) and +0.773 (P), indicating slightly stronger Coulomb-interactions in the respective ammonium cationic center. Within this perimeter, while having nearly the same net charge, the positive charge is more evenly distributed in the N species (reflecting hybridization), while it concentrates at the center in the case of P. Only after reaching a distance of three C atoms from the respective center atoms, similar charges are assigned like in octane, 43 for both IL families. These results suggest that, while the P atom on the phosphonium cations is more charged than the N at the ammonium, since they are shielded by the tetragonal disposition of the alkyl chains a direct interaction with the central atom will be unlikely. The charge delocalization at the ammonium makes thus the central part of these cations more charged, and thus more polar, than at the corresponding phosphonium. Furthermore the polarizabilities obtained through the quantum chemical gas phase calculations, at the BP/TZVP level, are in good agreement with the experimental ones as shown in Table III . Recently Castner and co-workers 14 investigated the cation-anion interactions, exploring the proximities between ions, for two pairs of isoelectronic ILs using nuclear overhauser effect 2D NMR methods. The authors observed significant differences in the nuclear dipolar interactions between the octyl-substituted N 2228 + /NTf 2 − and P 2228 + /NTf 2 − , with the NTf 2 anions concentrated heavily around the head group of the N 2228 , leaving the rest of the cation almost free of interactions with the NTf 2 anions, while for the P 2228 cation, the NTf 2 anion interacts with the middle and terminal hydrogens of the cation alkyl chain. Both the quantum chemical gas phase calculations as the Castner et al.
14 NMR studies support the effect of the cation's central atom change on the ILs properties.
If one pictures the ammonium-based ILs as having a stronger cation-anion interaction due to the charge delocalization than the phosphonium-based ILs that present the anion positioned around the cation alkyl chains, the increase of the density and viscosity can be seen as direct consequences of this arrangement, as well as the increased free volume of the phosphonium that is estimated from the refractive index measurements. Furthermore the charge delocalization also confers a higher polarity to the ammonium cation, in opposition to the more concentrated but not accessible charge of the phosphonium cation. This would explain the higher activity coefficients at infinite dilution for non-polar solvents, decreasing until becoming slightly lower for polar solvents, observed for the ammonium ILs. Finally, the ammonium rigid structure will also lead to a more compact bulk structure and therefore to, as shown in Table II , higher melting temperatures and lower melting entropies since the entropy of the solid phase will be lower than those of the corresponding phosphonium.
CONCLUSIONS
Aiming at understanding the ILs behavior in different environments and ultimately develop correlations, methods or heuristics to design task-specific ILs, a set of works have been conducted by us over the past years. In spite of the large number of works describing ILs as "designer solvents" the studies investigating their structural design are scarce. Here the influence of the ammonium-and phosphonium-based IL cation's central atom was investigated through the measurement of densities, viscosities, melting temperatures, refractive indices, activity coefficients at infinite dilution, and toxicities, against Vibrio fischeri, of pairs of ammonium-and phosphoniumbased ILs.
Although a shielding effect due to the surrounding cation's alkyl chains was expected, smoothing or even removing the influence of the cation's central atom on the interactions, structure or ultimately on the properties, what the density, viscosity, melting temperatures, refractive indices, infinite dilution activity coefficients, and toxicity results show is the opposite. In fact, all the properties investigated are pronouncedly affected by the cation central atom nature.
Geometries and atom charges of the isolated ion pairs were calculated using the TZVP basis set and non-local BP exchange/correlation function. The results show a greater charge delocalization near the cation central atom that induces a stronger cation anion interaction for the ammoniumbased ILs. Furthermore, the differences in the nuclear dipolar interactions between the octyl-substituted N 2228 + /NTf 2 − and P 2228 + /NTf 2 − observed by Caster and co-workers allow us to picture the ammonium-based ILs with a more rigid structure, with the cation preferentially around the head group of the cation, and therefore with higher densities, viscosities, and melting temperatures than the phosphonium ILs, that present a more movable anion that interacts either with the cation head group or with the cation's alkyl chain terminal hydrogen. This less rigid structure confers the phosphonium ILs with higher free volume and polarizability. Furthermore, the NTf 2 anions concentrated heavily around the head group of the ammonium-based ILs, leaving the rest of the cation almost free of the NTf 2 anions, explains their higher activity coefficients at infinite dilution for non-polar solvents, decreasing until becoming slightly lower for polar solvents.
